Abstract In current IP networks, a classical way to achieve traffic engineering is to optimise the link metrics. This operation cannot be done too often and can affect the route of a lot of traffic. Multiprotocol Label Switching (MPLS) opens new possibilities to address the limitations of IP systems concerning traffic engineering thanks to explicit label-switched paths (LSPs). This paper proposes a new method based on simulated annealing meta-heuristic to compute a set of LSPs that optimise a given operational objective.
I. INTRODUCTION
Due to rapid growth of the Internet and the requirements for quality of service, ISPs must build scalable network architectures and need to better engineer their traffic. Traffic engineering (TE) is defined ( [1] ) as mapping traffic flows onto an existing physical network topology in the most effective way to accomplish desired operational objectives.
In an IP network, a classical and simple way for improving an operational objective is to change the link metric. By setting the link metric values appropriately, it is possible to adjust the routes and react to the current load situation (see [2] and [3] ).
But this approach has several limitations. Firstly, due to the shortest path calculation, whenever two traffic flows, which are destined for the same egress node, cross each other's way, they are merged. So A second deficiency of IGP-based traffic engineering lies in the transient behaviour while changing the routing pattern from one metric setting to another. A recent study [4] investigates a better way to distributes the link state update to reduce the convergence time after a link failure or a metric change.
Multiprotocol Label Switching (MPLS) was developed
to overcome the limitations of conventional routing protocols. MPLS allows the specification of explicit routes through the network, so-called Label Switched Paths (LSPs). Classical MPLS traffic engineering aims at finding a full mesh of LSPs, i.e. one between each nodes pair, to optimise a given objective.
The main drawback of the MPLS full mesh approach is the scalability. Indeed, with a network of 200 nodes, the full mesh contains 39800 LSPs. Another practical drawback for an operator is the transition between a pure IP routing and a full mesh of LSPs i.e. some operators are afraid of this "big bang" migration (non-incremental) that can reduce the stability of their current IP network.
Between the pure IP metric-based optimisation and the Moreover, our approach wants to avoid "yo-yo" networks in which too many re-optimisations produce instability in the network. Thanks to the use of MPLS, we better control which traffic will be affected by the addition or the change of an LSP. In this paper, we investigate only the optimisation of a single traffic matrix. But, this approach can be extended to take into account multiple traffic matrices.
In the literature, we see different approaches but few 0-7803-9746-0/06/$20.00 (©2006 IEEE papers compare their methods with existings ones or with other approaches achieving the same goal. The traffic engineering toolbox TOTEM [5] aims at creating a repository of TE methods available for operators and for researchers. By integrating our method is this toolbox, we are able to compare our results with MPLS-based approach like [6] or IP-metric based approach like [2] .
In section II, we present related works dealing with hybrid IGP/MPLS TE approach. In section III, we describe the routing model we use to implement hybrid IGP/MPLS methods. Then in section IV, we describe our simulated annealing based heuristic and in section V, we illustrate this method by simulations and comparisons on an operational network. [11] describes a way of modifying the current Dijkstra implementation to take tunnels into account. The tunnel must be advertised in the IGP protocol with an associated metric. The metric can be absolutely fixed or be relative to the link metrics of the tunnel's path. This RFC supports multiple paths with possible traffic forwarded on shortest path and tunnels. This RFC does not provide a lot of details and many uncertainties remain.
In [8] , Riedl takes another approach in which the IGP optimisation is performed first and a set of MPLS tunnels can be computed to improve the IGP solution. These two steps are completely separated. Riedl proposes a new heuristic based on simulated annealing to optimise the IGP metrics. This algorithms takes into account the original configuration and allows tradeoff considerations between routing optimality and adaptation impact. In a second step, the MPLS tunnels are computed using an mixedinteger programming (MIP) model. Riedl shows that a small number of LSPs decreases greatly the most loaded link and compares the combination of IGP optimisation with or without MPLS tunnels. [8] provides a simple heuristic for IGP metric optimisation but not for LSPs computations. Our solution computes quickly these LSPs based on a given set of IP metric.
In [9] , Mulyana proposes a novel TE method based on genetic algorithms to optimise IGP/MPLS networks. This method can be considered as an off-line TE approach to handle long or medium-term traffic variations. In their approach the maximum number of hops as well as the maximum delay of an LSP and the maximum number of LSPs that can be installed in the network are treated as constraints. They apply the method to the German scientific network (G-WiN) with a randomly generated traffic matrix. They compare the results of the method for several hybrid routing schemes (presented in [7] ) and pure IGP routing.
In [10] , the authors investigate the effect of partial demand increase on the performance of the network and propose a simple policy scheme to decide whether reoptimization should be performed. Two re-optimization approaches based on plain local-search and simulatedannealing are presented. They apply their method for metric based traffic engineering scheme to the German scientific network (G-WiN) for which a traffic matrix and several traffic-increase patterns were randomly generated.
In opposition to slow mathematical programming approach, in this paper, we are interesting in designing an heuristic used to make a regular (few seconds) and offline re-optimisation of the network.
III. PROBLEM DEFINITION
In a classical IP network, routing is very simple and uses the shortest path to route the demands. By adding tunnels (LSPs) in an classical IP network, the routing becomes more complex and different routing models can be defined (see [7] and [9] ). In this paper, we choose to investigate only the Basic IGP shortcut model (BIS) (proposed in [9] ) that provides a simple and scalable model. This model can be implemented easily in real routers and seems to allow enough flexibility to improve the considered traffic engineering objectives substantially.
Before explaining this model, we need to define some concepts. In this study, we deal with intra domain traffic engineering in which traffic enters the network at the ingress and leaves the network at the egress. Traffic is identified by an origin/destination (OD) pair or equivalently by an ingress/egress pair. The traffic matrix represents the traffic from all ingress to all egress nodes.
Suppose an LSP from node A to node B, in the BIS model, all the packets arriving at node A with destination B will be forwarded in the LSP. This model is the most simple and can be easily implemented in real networks. A simple lookup in the BGP table gives the next-hop for any prefix. If an LSP exists to this next-hop, it will be used to forward the traffic. The LSP appears like a virtual interface in the forwarding table.
The other models differs by the way they choose the packets to forward in the LSPs. In this paper, we do not have space to explain and compare to the other models.
For more information, see [7] and [9] . This function is interesting because the (weighted) combination of both terms will give more importance to the load-balancing term if the deviation is high enough to justify the detour, else it will let the "shortest path" term minimise the resources used. The weighting factor a allows us to give more importance to one aspect or the other. For futher details on this function see [6] .
IV. HEURISTIC DESCRIPTION Our solution uses a simulated annealing meta-heuristic to compute a good solution in reasonable time. The intuitive idea of the heuristic is to test different combinations of tunnels and select a better solution in the neighbourhood of the current solution. The algorithm uses a precomputed candidate path list that contains all the allowed tunnels. We compute the candidate path list as follows: for each source/destination pair we choose the P shortest paths of maximum H hops.
The simulated annealing meta-heuristic is based on an analogy taken from metallurgy. To grow a metal, you start by heating a row of materials to a molten state. You then reduce the temperature of this metal melt until the metal structure is frozen in. If the cooling is done too quickly, some irregularities are locked in the metal and the trapped energy level is much higher than in perfectly structured metal.
An optimisation problem can be solved by a similar method. We choose a solution in the neighbourhood of the current solution. If the new solution is better, we accept it, otherwise we accept it only with a probability function of the temperature that decreases during the execution of the algorithm. With this method, we allow large movements in the solution space when the temperature is high and reduce this movement by reducing the temperature. This heuristic avoid the algorithm to be blocked in a local optimum.
Our heuristic (described in Algorithm 1) starts with an initial temperature of To and keeps this temperature during a whole plateau of size L. The decreasing of the temperature is given by the cooling ratio a. The stop condition is defined as "stop if less than E2 moves are accepted in the last K2 plateaus". Two other problem-specific components must be defined: the initial solution and the neighbourhood. The initial solution is generated by selecting K tunnels at random in the candidate path list. A neighbourhood is defined as "two solutions are neighbours if they differ only by one LSP". The neighbourhood function replaces one LSP of the solution by another LSP from the candidate path list. A summary of the parameters is given in Table I. Algorithm 1: Simulated Annealing /* x0, x* and x are the initial, the best and the current solution */ /* F(x) is the evaluation function */ /* move(x) return a neighbour of x <-xo; x <-xo; T <-To; while not stopCondition do nblter <-0; while nblter < L do links. To build a realistic traffic matrix on this network, we collect the netflow data on each interface and we aggregate them to build a traffic matrix. The traffic matrix used in these simulations is measured on the 18 January 2005 between 12h00 and 14hO0.
In the simulation, we compute the bandwidth consumption of each link according to the traffic matrix. We used LSPs with zero provisioning bandwidth and take into account the real bandwidth of the flows routed in each LSPs. All the simulations are done with ECMP disabled and with a candidate path list generated with P=5 and H=7. The simulations are done on a laptop with a 1.3Ghz centrino processor and 512 Mb of RAM. All the source codes for the simulations are available in the TOTEM toolbox The first question is "How does the number of LSPs affect the objective?". Figure 2 shows the influence of the number of LSPs on the two objective functions. We can see that three LSPs are enough to reduce the maximum link load from 70.7% to 42.1% with the fML objective function. On the other hand, if we prefer to load balance the network with the fLB objective function, with 12 LSPs, the most loaded link decreases from 70.7% to 42.5%. Table II compares our approach with other propositions. The colums correspond respectively to the name of the method, the number of LSPs required, the maximum loaded link, the 10th percentile2 of the links load, the mean of the links load, the standard deviation and finally, the CPU time to execute the method.
1 http: //totem.run. montefiore. ulg. ac.be/ 2The N percentile gives the load of the link for which N% of the links of the network are more loaded than this link. Table II ).
We use DAMOTE [6] to conpute an LSP between each source/destination pair to route the demand. We configure DAMOTE to use the fLB score function with a = 2. DAMOTE gives a better result with a most loaded link of Table II) . Perhaps the gain is not enough to create the two LSPs but the major advantage is that SAMTE can be used to improve other kinds of objectives using the flexibility of MPLS. Indeed, if we use SAMTE with the fLB objective, with 12 LSPs, we can reduce the standard deviation from 9.9% to 8.2% and the 10th percentile2 from 22.8% to 18.4%. With 20 LSPs, the improvement is clear with a standard deviation reduced to 7.9 and a 10th percentile to 17.0%.
VI. CONCLUSION
The hybrid combination of (the simplicity of) IGP routing and (the flexibility of) MPLS explicit routing gives interesting results. Our method, based on the simulated annealing meta-heuristic, can be used to select LSPs that optimise any given operational objective. An operator can choose the number of LSPs that he/she is ready to afford to engineer the network. This method is independent of the IGP metric configuration. An operator can keep his/her favourite metric configuration and set up only a few LSPs to improve any kind of objective. Moreover, with the computed LSPs, the problematic flows are identified. An administrator knows exactly which traffic flows are routed along the LSPs and keeps control on all the traffic paths.
Another 
